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PURPOSE. In the central human corneal epithelium, loss of
�Np63 occurs in all surface epithelial cells preparing to un-
dergo desquamation, suggesting a potential role for �Np63
isoforms in mediating surface cell apoptotic shedding. In this
study, the authors investigated a role for �Np63 isoforms in
caspase-mediated apoptosis in a telomerase-immortalized cor-
neal epithelial cell line.

METHODS. For in vitro studies, hTCEpi cells were cultured in
KGM-2 serum-free culture media containing 0.15 mM calcium.
To assess dynamic protein interactions among individual
�Np63 isoforms, �Np63-EGFP expression plasmids were tran-
siently expressed in hTCEpi cells and evaluated by FRAP. Tri-
chostatin-A (TSA; 3.31 �M) was used to induce cell death as
measured by caspase activity. Cleavage and loss of endogenous
�Np63�, �Np63-EGFP expression plasmids, and p53 were
assessed after treatment with TSA and siRNA.

RESULTS. Transient expression of �Np63-EGFP � and � isoforms
resulted in the formation of a smaller isoform similar in size to
�Np63�-EGFP. FRAP demonstrated that �Np63�-EGFP has
greater immobile fraction than � or �. TSA induced caspase-
mediated apoptotic pathways; caspase induction was accom-
panied by a decrease in endogenous �Np63� and p53. TSA
upregulated �Np63-EGFP plasmid expression; this was accom-
panied by a selective increase in cleavage of �Np63�-EGFP.
siRNA knockdown of �Np63� correlated with a reduction in
p53 independently of TSA.

CONCLUSIONS. �Np63� is the dominant active isoform in cor-
neal epithelial cell nuclei. Loss of �Np63� occurs during apo-
ptotic signaling by cleavage at the C terminus. The correspond-
ing loss of p53 suggests that a significant relationship appears
to exist between these two regulatory proteins. (Invest Oph-
thalmol Vis Sci. 2010;51:3977–3985) DOI:10.1167/iovs.09-
4919

Aphysiologically intact corneal epithelium is essential for
optical clarity and for providing a barrier to invasive mi-

croorganisms. Survival or homeostatic maintenance of the ep-
ithelium is dependent on a small population of lineage-re-
stricted multipotent stem cells harbored in the basal layer of

the limbus.1,2 Cells within this compartment are slow cycling
and undergo continuous asymmetric division, giving rise to
transient amplifying daughter cells that replenish the epithe-
lium.3 From the limbus, cells migrate centripetally across the
cornea, where they undergo a final round of cell division
before ascending vertically toward the corneal surface and
ultimately are shed into the precorneal tear film.4,5 This pro-
cesses of corneal epithelial cell shedding, or desquamation, has
been shown to be regulated by apoptotic mechanisms.6

Recent studies7 in our laboratory have focused on the ex-
pression and localization of the transcription factor �Np63 in
the corneal epithelium. A homologue of the p53 tumor sup-
pressor, �Np63, is expressed within tissues that are highly
regenerative, such as the basal layer of the skin and in animal
models has been shown to be critical to the development of
stratified epithelia.8–10 In the corneal epithelium, �Np63 was
first thought to reside exclusively in the basal cell layer in the
limbus.11,12 Later reports, however, extended this localization
to include the peripheral and central corneal epithelium with
a loss of expression in central superficial epithelial cells, cells
presumably preparing to desquamate.7,13–15 In vitro, �Np63 is
abundantly expressed in nondifferentiated cells and is down-
regulated on calcium-induced differentiation.7,16 These find-
ings suggest multiple roles for �Np63 in the corneal epithe-
lium as a key regulator of early-onset differentiation from stem
cell to transient amplifying cell, a potential role in cell survival,
and a role as a mediator for apoptotic-driven surface cell shed-
ding.

Ambiguity in the understanding of the function of �Np63
arises from the presence of multiple isoforms of the p63 gene
product. Transcription of p63 at the promoter upstream of
exon 1 encodes for the transactivating or TA isoform which
can bind and activate p53 target sites; a second intronic pro-
moter results in the production of the N-terminally deleted or
�N isoform, initially thought to be transcriptionally inactive,
thereby functioning through a dominant negative effect.17

More recently, a second transactivation domain within the first
26 amino acids of the �N isoform has been identified, confer-
ring on �Np63 the ability to transactivate p53 target genes,
including a lengthening list of apoptotic regulators.18 At the C
terminus, both isoforms are again alternatively spliced, result-
ing in three additional variants: �, �, and �. �Np63�, which is
the predominant isoform in the corneal epithelium, differs
from � and � in the presence of a sterile alpha motif within
exon 14 and a C-terminal inhibitory domain, contributing to
the complex regulatory functions of this protein.7,19–22

Because of the high levels of �Np63 seen in many epithelial
cancers, the mechanism by which �Np63 may mediate cell
survival has become an area of heightened interest.23 Results
from these studies have generated conflicting arguments for
the function of TA and �Np63 isoforms in apoptosis and the
ability to regulate downstream apoptotic target genes. In blad-
der and lung cancer cell lines, expression of �Np63 has been
shown to confer resistance to apoptosis, whereas loss of ex-
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pression is necessary for the activation of cell death path-
ways.24 Similarly, in the mouse epidermis, the downregulation
of �Np63 before apoptosis has been demonstrated after UV-B
exposure.25 In contrast, studies examining �Np63 expression
in primary cultured human foreskin keratinocytes, immortal-
ized human keratinocytes, and a facial squamous cell carci-
noma cell line have shown that overexpression of �Np63
induces caspase-mediated apoptotic signaling events.26 These
latter findings are further supported by investigations demon-
strating that both TA and �N variants induce apoptosis in
non–small cell carcinoma cells.18 Significantly, the collective
results from all these studies support the view that �Np63
activates or inhibits apoptosis in a cell- and tissue-type specific
manner.

In the human corneal epithelium, a role for �Np63 in
regulating cell survival has not yet been investigated. Further,
the specific function of the C terminus isoforms of �Np63 is
unknown. In the present study, we investigated a role for
�Np63 isoforms in caspase-mediated apoptosis in a telomerase-
immortalized human corneal epithelial cell line previously
characterized in detail.27

MATERIALS AND METHODS

Cell Culture

Human telomerase-immortalized corneal epithelial cells (hTCEpi) were
initially isolated and thereafter routinely maintained in KGM-2 serum-
free culture media (Clonetics-BioWhittaker, San Diego, CA) containing
0.15 mM calcium, as previously described.27 Cells were subcultured on
tissue culture flasks (T75; Falcon Labware, BD Biosciences, Bedford,
MA), incubated at 37°C in 5% CO2 and passaged every 7 to 10 days.
Human telomerized corneal fibroblasts (HTK, generously provided by
Matthew Petroll) were used as a control cell line in siRNA experiments.
HTK culture conditions are described in detail elsewhere.28

EGFP Plasmid Construction

�Np63 plasmids were constructed and sequence verified according to
GenBank accession numbers AF075431 (�), AF075433 (�), and
AF075429 (�). RNA and cDNA were prepared as previously described.7

Gene-specific primers for each isoform, including restriction enzyme
sites, are listed in Table 1. A 50-�L PCR reaction was performed as
follows: 0.5 �M each primer, 0.20 mM dNTPs, 5 �L of 10� PCR buffer
(Sigma, St. Louis, MO), 7.5 mM MgCl2 (Sigma), 1 �L DNA polymerase
(Taq, 5 U/�L; Sigma), and 2 �L cDNA. Reaction conditions for PCR
were initial denaturation for one cycle at 94°C for 3 minutes, followed
by 25 cycles at 94°C for 1 minute, 60°C for 45 seconds, 72°C for 45
seconds, and a final extension at 72°C for 7 minutes. PCR products
were visualized on an ethidium-bromide–stained 1.25% agarose gel
under UV light and were PCR purified (QIAQuick PCR purification kit;
Qiagen Sciences, Valencia, CA). PCR inserts and the pEGFP-C1 (Clon-
tech, Mountain View, CA) vector were digested using BglII and PstI
restriction enzymes (New England Biolabs, Ipswich, MA). For insert
digestion, a 30-�L reaction mixture containing 10 �L DNA, 3 �L of
10� buffer (New England Biolabs), and 1 �L each restriction enzyme
was incubated for 2 hours at 37°C. For vector digestion, a 100-�L

reaction mixture containing 10 �L plasmid, 10 �L of 10� buffer, and
3 �L each restriction enzyme was incubated for 2 hours at 37°C. After
digestion, resultant products were resolved on a 1.25% ethidium bro-
mide–stained agarose gel and purified (QIAquick Gel Extraction Kit;
Qiagen Sciences). The cDNA for each insert was ligated into the cut
pEGFP-C1 expression plasmid in a 15-�L reaction containing a 1:3 ratio
of vector/insert, 1 �L T4 DNA ligase, and 1.5 �L T4 DNA ligase buffer
(Invitrogen, Carlsbad, CA) overnight at room temperature. Plasmids
were transformed using NEB 5-� competent Escherichia coli according
to manufacturer’s instructions (New England Biolabs). Seventy-five
microliters of the resultant mixture was spread onto LB agar plates
containing 20 �g/mL kanamycin and incubated overnight at 37°C.
Selected clones were grown overnight in 50-mL conical tubes at 37°C
with agitation. Clones were purified from E. coli (QIAprep Spin Mini-
prep Kit; Qiagen Sciences), screened by enzyme digestion, and visual-
ized by ethidium bromide–stained 1.25% agarose gel. All plasmids were
sequencing confirmed at the McDermott Center for Human Growth
and Development, UT Southwestern Medical Center (Dallas, TX). For
transient transfection assays, 5 �L overnight broth was grown in 500
mL LB broth containing kanamycin and purified with a plasmid kit
(High Pure Plasmid Isolation Kit [Roche Diagnostics, Indianapolis, IN]
or QIAfilter Plasmid Maxi Kit [Qiagen Sciences]). DNA concentration
was measured by absorbance at 260 nm with a spectrophotometer (DU
530; Beckman Coulter, Hialeah, FL) and was converted to micrograms
per microliter.

Overexpression Studies

For overexpression studies, 2.4 � 105 cells/well were plated into
six-well plastic tissue culture dishes containing 1 mL antibiotic-free
medium. On day 2, hTCEpi cells at 60% to 70% confluence were
transfected with one of the following plasmids: pEGFP-�Np63�,
pEGFP-�Np63�, pEGFP-�Np63�, or pEGFP. Four microliters of trans-
fection agent (FuGeneHD; Roche) was added to 50 �L antibiotic-free
culture medium in disposable glass culture tubes (Kimble Glass Inc.,
Vineland, NJ). In separate tubes, 1.25 �g plasmid was added to 50 �L
antibiotic-free medium and allowed to incubate at room temperature
for 5 minutes. Tubes containing transfection agent (FuGeneHD;
Roche) and plasmid were mixed together and allowed to incubate for
25 minutes at room temperature. The resultant mixture was added to
the cell culture well and evenly mixed. Transfected cells were imaged
on an inverted epifluorescent microscope (Eclipse TE300; Nikon,
Melville, NY), and images were acquired with a camera (CoolSnap HQ;
Photometrics, Tucson, AZ). Relative transfection efficiencies were ob-
tained by visual approximation. Protein expression was assessed at 24
or 48 hours after transfection and subjected to Western blot analysis.

Fluorescence Recovery after Photobleaching

Fluorescence recovery after photobleaching (FRAP) was used to mea-
sure protein dynamics of �Np63 isoforms within the nuclear compart-
ment. For FRAP experiments, 2.2 � 105 cells were plated onto glass
tissue culture dishes (�T4; Bioptics, Tucson, AZ) and were allowed to
adhere for 24 hours. hTCEpi cells were transfected with pEGFP-
�Np63�, pEGFP-�Np63�, pEGFP-�Np63�, or pEGFP using transfec-
tion reagent (FuGene6; Roche). FRAP studies were performed 24 hours
after transfection on a laser scanning confocal microscope (SP2; Leica

TABLE 1. Primer Sequences for �Np63 Isoforms

Primer Sequence Temperature (°C)

�N Forward 5�-GAA GAT CTA GCC AGA AGA AAG GAC AGC AGC AT-3� 64
� Reverse 5�-AAT CTG CAG TCA CTC CCC CTC CTC TTT GAT GC-3� 67.5
� Reverse 5�-AAC TGC AGT CAG ACT TGC CAG ATC CTG ACA ATC-3� 68
� Reverse 5�-ATA CTG CAG CTA TGG GTA CAC TGA TCG GTT TGG-3� 68.5

Primers used for generating �Np63 isoforms �, �, and � were determined using published sequences
in the NCBI database: GenBank accession numbers AF075431 (�), AF075433 (�), and AF075429 (�).
Primers were synthesized by Integrated DNA Technologies (Coralville, IA). The same forward primer was
used for all three isoforms.
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Microsystems, Heidelberg, Germany). All images were acquired bidi-
rectionally in fly mode (Confocal Software FRAP Wizard; Leica); 256 �
512 images were acquired at 1000 Hz, excitation 488 nm, at 4% laser
power, zoom 8, line average 2. For photobleaching, three excitation
wavelengths (458 nm, 476 nm, and 488 nm) were set to 100% to
bleach a 2-�m diameter circular region of interest. Before bleaching
occurred, five prebleach scans were acquired to establish baseline
fluorescence intensity, followed by 2.46 seconds of bleaching. Recov-
ery was monitored until a recovery plateau was achieved. Raw inten-
sity values were exported into spreadsheet software (Excel; Microsoft,
Redmond, WA), background subtracted, and corrected for photo-
bleaching effects during scanning. Ten cells per plasmid were exam-
ined. Three separate FRAP experiments were performed.

siRNA Knockdown
Predesigned siRNA targeting �Np63 was used to knock down all three
�Np63 isoforms (Silencer; AM16708A; Applied Biosystems, Carlsbad,
CA). For all experiments, hTCEpi cells were seeded onto plastic six-
well tissue culture dishes (2.2 � 105 cells per well) in antibiotic-free
media. Cells were allowed to attach overnight at 37°C in 5% CO2.
siRNA oligonucleotide optimal concentration was empirically deter-
mined. In separate tubes, 1 �L of 40 �M siRNA was diluted in 50 �L
medium (Opti-MEM; Invitrogen), and 4 �L transfection reagent was
diluted in 50 �L medium (Opti-MEM; Invitrogen) and allowed to sit for
5 minutes. Contents were then combined and incubated at room
temperature for 25 minutes. The resultant 200 �L siRNA/transfection
reagent solution was added directly to the well with antibiotic-free
media for a total volume of 1 mL; siRNA oligonucleotides were trans-
fected (Oligofectamine; Invitrogen). Cells were collected at 24 hours
after transfection. Efficacy of knockdown was evaluated by Western
blot analysis. To control for off-targeting effects, HTK cells that did not
express �Np63 were transfected under identical conditions to the
hTCEpi cell line and assessed for p53 expression.

Protein Extraction and Western Blot Analysis
Total protein was collected by lysing cells in radioimmunoprecipita-
tion buffer containing a protease inhibitor cocktail tablet (Complete-
Mini; Roche Diagnostics) on ice for 10 minutes. Lysates were snap
frozen in liquid nitrogen, vortexed, and briefly centrifuged to remove
the precipitate. All lysates were boiled for 5 minutes in 4� sample
buffer (pH 6.8) containing 0.25 M Tris, 8% lauryl sulfate, 40% glycerol,
20% mercaptoethanol, and 0.04% bromophenol blue, resolved on a
7.5% to 10% SDS gel and subsequently transferred to a nitrocellulose
membrane. Membranes were blocked in 5% nonfat milk for 1 hour at
room temperature and were blotted using the following mouse mono-
clonal antibodies: antibody clone 4A4 directed against pan-�Np63
isoforms (Santa Cruz Biotechnology, Santa Cruz, CA), p53 (Calbio-
chem, San Diego, CA), actin (Sigma-Aldrich), and EGFP (Covance
Research Products, Denver, PA) overnight at 4°C. After 1-hour incuba-
tion with an anti–mouse secondary antibody (1:5000 dilution; Amer-
sham Biosciences, Piscataway, NJ), protein was visualized using detec-
tion reagents (ECL Plus; Amersham Biosciences) and imaged (Typhoon
Variable Mode Imager; GE Healthcare Life Sciences, Little Chalfont,
UK).

Caspase-3 Assay
A detection kit (Image-It Live Cell Caspase Assay; Invitrogen) was used
to assess caspase-3 activation in hTCEpi cells. Thirty microliters of a
2.4 � 105 cell/mL suspension of hTCEpi cells was seeded onto glass
coverslips and allowed to adhere for 24 hours. Cells were treated with
3.31 �M TSA (Sigma) overnight in serum-free KGM2 media. Cells were
labeled for caspase-3 according to manufacturer’s instructions. Nuclei
were counterstained with a 1:1000 dilution of cell-permeable anthra-
quinone (DRAQ5; Axxora, San Diego, CA) and imaged directly under
the laser scanning confocal microscope.

Statistical Analysis
Statistical analysis was performed using commercial software (Sigma-
Stat 3.1; Systat Software, Inc., San Jose, CA). All data are expressed as

mean � SE. Normality and equal variance assumption testing was
performed using the Kolmogorov-Smirnov test and the Levene median
test. A t-test or one- or two-way analysis of variance with an appropriate
post hoc multiple comparison test was used to determine which
groups were significantly different. Statistical significance was set at
P � 0.05.

RESULTS

Transient Expression of �Np63-EGFP Isoforms

For all transient expression experiments, hTCEpi cells were
seeded on plastic and transfected with isoform-specific �Np63-
EGFP expression plasmids. Relative transfection efficiencies
ranged from approximately 60% to 80% for all plasmids tested.
A representative region confirming relatively high transfection
efficiencies for EGFP in hTCEpi cells grown on a plastic six-
well tissue culture dish is shown in Figure 1A. Western blot
analysis using a mouse monoclonal antibody directed against
the N-terminus of p63 was used to confirm the expression of
individual �Np63-EGFP isoforms (Fig. 1B). Consistent with our
previous reports, �Np63� was the predominant endogenous
isoform in hTCEpi cells. In cells transfected with �Np63-EGFP
�, �, or �, expression of the chimeric protein was seen at 24
and 48 hours. Interestingly, overexpression of �Np63�-EGFP
and �Np63�-EGFP resulted in the formation of a lower molec-
ular weight isoform that appeared to coincide with the size of
�Np63�-EGFP (Fig. 1B).

Fluorescence Recovery after Photobleaching

FRAP was performed to establish whether dynamic differences
existed in the ability of specific �Np63 isoforms to interact
with nuclear structures. As expected for a transcription factor,
all three isoforms localized exclusively to the nucleus (data not
shown). In contrast, the EGFP empty vector control localized
diffusely throughout the nucleus and the cytoplasm. For FRAP
analysis, a 2-�m diameter circular region of interest in the
nuclear compartment was bleached. As shown in Figure 2A,
bleaching of �Np63�-EGFP produced a 2-�m circular area
devoid of EGFP, which appeared to only partially recover over
time. �Np63�-EGFP and �Np63�-EGFP showed a similar pat-
tern (not shown). In comparison, the EGFP empty vector
recovered fluorescence almost instantaneously (Fig. 2A). Anal-
ysis of FRAP recovery curves for each isoform compared with
the EGFP control demonstrated differences in the amount of
recovery among �Np63�, �, and � isoforms (Figs. 2B–D).
Notably, �Np63�-EGFP appeared to have the least amount of
fluorescence recovery, followed by �Np63�-EGFP. �Np63�-
EGFP showed the greatest recovery of all three proteins but
failed to recover completely compared with the freely diffus-
ible EGFP control. It is important to note that estimation of the
speed of recovery for �Np63� and � isoforms may be con-
founded in part by the presence of the smaller molecular
weight isoform produced after ectopic expression of the
EGFP chimeric proteins identified by Western blot analysis in
Figure 1B.

Quantitative analysis was used to determine the amount and
speed of fluorescence recovery. The amount of fluorescence
recovery represents the mobile fraction of the protein, though
the difference between the final fluorescence and the initial
fluorescence indicates the immobile fraction. As predicted
from the FRAP recovery curves in Figure 2, �Np63�-EGFP had
a significantly greater fraction of immobile protein compared
with the other two isoforms and the EGFP control (Fig. 3A; P �
0.001, one-way ANOVA), indicating an increase in the amount
of physical interactions, either protein-protein or protein-DNA
within the nuclear compartment. �Np63�-EGFP also had a
significantly greater immobile fraction compared with the
EGFP control but failed to demonstrate any detectable differ-
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FIGURE 1. Transient overexpression
of �Np63 isoforms. (A) Representative
image of transfection efficiency of
hTCEpi cells after transient expression
with the EGFP empty vector. Nomar-
ski image of hTCEpi cells (left), EGFP
expression (middle), and overlay (right).
Scale bar, 11.58 �m. (B) Western blot
for �Np63 using the 4A4 monoclonal
antibody. Transfection with EGFP ex-
pression plasmids encoding the cDNA
for �Np63 isoforms (lanes: E, EGFP
empty vector; �, �Np63�-EGFP; �,
�Np63�-EGFP; �, �Np63�-EGFP; 24,
24 hours after transfection; 48, 48
hours after transfection. Right of blot:
�-EGFP, �-EGFP, and �-EGFP represent
transfected �Np63 plasmids; �Np63�
denotes the endogenous protein. Left
of blot: molecular weight markers.
Note the enhanced expression of
�Np63� and �Np63� each produced
an increase in a protein the same size
as �Np63�. Actin was used as a load-
ing control; n � 3.

FIGURE 2. FRAP analysis of hTCEpi
cells transiently expressing �Np63-
EGFP expression plasmids. FRAP was
used to measure protein mobility
within the nuclear compartment.
The cell was initially scanned at 4%
laser power (4.097 seconds), fol-
lowed by bleaching a 2-�m diameter
circular region of interest (6.555 sec-
onds). Fluorescence recovery was
followed over time. Arrow: bleached
region. (A) Top three images repre-
sentative of an hTCEpi cell express-
ing �Np63�-EGFP before the bleach
(pre-bleach), immediately after the
bleach (bleach), and at the end of the
experimental time course (post-
bleach). Note the incomplete recov-
ery in the bleached region. Bottom
three images representative of an hT-
CEpi cell expressing EGFP. (B–D)
FRAP curves are represented as the
mean relative fluorescence intensity
as a function of time after bleach. (B)
�Np63�-EGFP compared with EGFP
empty vector. (C) �Np63�-EGFP
compared with EGFP empty vector.
(D) �Np63�-EGFP compared with
EGFP empty vector. Ten cells per
expression plasmid were analyzed in
each experiment; the entire experi-
ment was repeated three times.

3980 Robertson et al. IOVS, August 2010, Vol. 51, No. 8



ence from �Np63�-EGFP. In terms of speed of recovery, the
half-time of fluorescence recovery was calculated for each
protein by fitting single exponentials to individual recovery
curves. The half-time was then calculated based on the time it
took for the fluorescence intensity to reach half the recovered
intensity. For all three isoforms, the speed of the protein was
significantly reduced compared with the EGFP control (Fig. 3B;
P � 0.001, one-way ANOVA). There was no significant differ-
ence in half-time of recovery between individual isoforms.

Caspase Activation

We have previously reported that TSA induces apoptosis in
hTCEpi cells using annexin V and TUNEL.7 To assess whether
TSA-induced cell death occurs by way of a caspase-mediated
apoptotic pathway, caspase activity was evaluated in hTCEpi
cells after overnight incubation in 3.31 �M TSA. Using a live
fluorescence cell marker for caspase-3 activity (Fig. 4A), in the
nontreated control only an occasional cell demonstrated posi-
tive caspase activation. In stark contrast, incubation in TSA
resulted in robust caspase activity with most cells positive for
caspase (Fig. 4B). Quantitation of the percentage of caspase-
positive cells confirmed a significant activation of caspase-3 in
TSA-treated cells compared with untreated cells (Fig. 4C; P �
0.001, t-test).

Trichostatin-A

To assess whether TSA-induced caspase activation was associ-
ated with changes in endogenous �Np63� expression, hTCEpi

cells were treated with 3.31 �M TSA overnight and assessed by
Western blot analysis. Compared with nontreated cells, incu-
bation in TSA resulted in a significant decrease in �Np63� (P �
0.029, t-test; Figs. 5A, 5B). Given that interactions between p63
and the p63 homologue p53 have been suggested in other cell
lines,29,30 we further evaluated the effect of TSA on p53.
Notably, Western blot analysis for p53 demonstrated a signifi-
cant decrease in p53 in TSA-treated cells that corresponded
with the TSA-stimulated decrease in endogenous �Np63�
(Figs. 5A, 5C; P � 0.002, t-test,).

To examine a potential mechanism for the loss of endoge-
nous �Np63�, we further explored the effect of TSA on tran-
siently expressed �Np63-EGFP chimeric proteins. As shown in
Figure 6A, cotreatment of 3.31 �M TSA with transient expres-
sion of �Np63-EGFP isoforms resulted in several notable ef-
fects. First, TSA treatment appeared to upregulate �Np63-EGFP
plasmid expression for all three expression plasmids tested.
Analysis of each expression plasmid treated with TSA com-
pared with the same plasmid expressed in the absence of TSA
demonstrated a significant increase in protein expression (Figs.
6B–D; P � 0.029 [�, �, �], t-test,). The second finding demon-
strated an increase in the smaller molecular weight isoform
previously reported in Figure 1B after transient expression of
�Np63�-EGFP that was consistent with the size of �Np63�-
EGFP. Expression of this smaller isoform was significantly
greater than that seen in the non–TSA-treated group (Fig. 6E;
P � 0.029, t-test). A similar increase in cleavage of �Np63�-
EGFP was also noted (Fig. 6F; P � 0.029, t-test). Analysis of the
ratio of cleaved protein to expressed protein for � and �
isoforms showed a significant increase in cleavage of �Np63�
after treatment with TSA (Fig. 6G; P � 0.029, t-test). There was
no significant difference in the ratio of cleaved to expressed
�Np63� with or without TSA treatment (Fig. 6H; P � 0.343,
t-test).

FIGURE 4. TSA-induced caspase activity. (A, B) hTCEpi cells labeled
with detection kit (red) and DRAQ5 (cell-permeable nuclear stain in
blue) after incubation in TSA. Scale bar, 35 �m. (A) No TSA. (B) 3.31
�M TSA. (C) A significant increase in caspase-3 activity was seen after
treatment with TSA (n � 3. Significance compared with non-TSA–
treated group; *P � 0.001, t-test).

FIGURE 3. Quantitative FRAP analysis of �Np63 isoforms in corneal
epithelial cell nuclei. All measurements were background subtracted
and corrected for photobleaching effects during scanning. (A) Calcu-
lation of the immobile fraction showed a significantly greater immobile
fraction for �Np63� than for �Np63�, �Np63�, or the EGFP empty
vector. �Np63� also showed a greater immobile fraction than the
EGFP empty vector (n � 10; *P � 0.001, one-way ANOVA; SNK
multiple comparison test results shown on graph). (B) The recovery
half-life showed a significantly decreased speed of recovery for all three
isoforms examined compared with the EGFP empty vector (n � 10;
*P � 0.001, one-way ANOVA; SNK multiple comparison test results
shown on graph). There was no detectable difference in speed be-
tween isoforms.
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Cleavage of �Np63

The identity of the lower molecular weight isoform produced
after �Np63�-EGFP and �Np63�-EGFP overexpression was
further evaluated by Western blot analysis using a mouse
monoclonal antibody directed against EGFP (Fig. 7A). As ex-
pected, expression of the EGFP empty vector resulted in a
small molecular weight band of approximately 27 kDa. The
EGFP antibody also confirmed the expression of the three
�Np63-EGFP chimeric proteins and the two smaller cleavage
bands formed from �Np63�-EGFP and �Np63�-EGFP. Exami-
nation of the linear vector maps for each of the fusion proteins
demonstrated that EGFP was attached to the N-terminal side of
each isoform (Fig. 7B). Based on the protein map, �Np63�-
EGFP and �Np63�-EGFP recombinant proteins were cleaved
within the C terminus (Fig. 7C).

siRNA

To examine the relationship between endogenous �Np63�
and p53 in the absence of compounding effects from TSA,
siRNA targeting the noncoding region at the C terminus of
�Np63 was used. As shown in Figure 8, siRNA produced
efficient knockdown of �Np63�, which resulted in a corre-
sponding decrease in p53 (Figs. 8A, 8B; P � 0.001, two-way
ANOVA). Further analysis of the reduction in �Np63� with
p53 demonstrated a significant correlation between the ex-
pression of the two proteins (Fig. 8C; R2 � 0.906; P � 0.034,
Pearson product moment correlation). To control for off-tar-
geting effects, HTK cells that do not express �Np63� were
simultaneously transfected with �Np63 siRNA oligonucleo-
tides. At 24 hours after transfection, p53 levels were un-
changed (Fig. 9).

DISCUSSION

In the human corneal epithelium, �Np63, a closely related p53
family member, has been previously highlighted as a key limbal
stem cell marker with a widely accepted role in regulating the
proliferative capacity of limbal epithelial stem cells in tissue
and cell culture studies alike.11,12 Since those early studies,
additional reports have introduced conflicting evidence for an
exclusive role for �Np63 within the limbal stem cell niche
through the demonstration of �Np63 transcripts outside the
limbal stem cell compartment.13 In line with these findings,
results from our in situ proteomic studies have further con-
firmed that �Np63 isoforms are retained and expressed
throughout the central corneal epithelium.7 Significantly, the
loss of expression of �Np63 was restricted solely to superficial
cells, cells presumably preparing to desquamate, creating new
possibilities for the potential function(s) for �Np63 in mediat-
ing epithelial differentiation and survival outside the limbal
stem cell niche.

�Np63� Nuclear Dynamics

�Np63 is a transcription factor that resides exclusively in the
nuclei of all corneal epithelial cells in vitro, regardless of
mitotic state.7 Transient transfection of �Np63-EGFP isoforms
confirms this localization pattern for all three established splice
variants; however, the functional significance of the individual
proteins in the corneal epithelium has not been established. In
this study, we investigated the nuclear dynamics of �Np63
isoforms in hTCEpi cells using FRAP, a kinetic microscopy
technique established as a measure of protein mobility within
subcellular compartments, which can be used to provide in-
sight into specific protein interactions.31,32 Within the nucleus,
nuclear proteins such as transcription factors typically exhibit
a high degree of mobility.33 This high level of protein mobility
likely reflects transient nuclear interactions as opposed to
slower moving and immobile proteins, which are presumably
undergoing oligomerization or more stable binding to intracel-
lular structures. In contrast, compared with the freely diffus-
ible EGFP, transcription factors that appear highly mobile will
exhibit some degree of reduced mobility. In this study, FRAP
curves for individual �Np63 isoforms all demonstrated a rela-
tively quick fluorescence recovery characteristic of transcrip-
tion factor binding behavior; however, overall protein mobility
was reduced compared with EGFP. Further, differences in the
average FRAP recovery curves for specific isoforms indicated
that �Np63� undergoes a significantly greater degree of nu-
clear binding interactions than the other two isoforms. Previ-
ous studies have demonstrated that substantial changes in
nuclear binding activity are evident by small alterations in the
FRAP curve.33 Thus, the significant differences seen in our
FRAP findings support the view that �Np63� is the predomi-
nant interacting isoform in the corneal epithelial nucleus.

FIGURE 5. TSA-mediated changes in hTCEpi cells. (A, top) Western
blot for �Np63� without (�TSA) and with (�TSA) incubation in 3.31
�M TSA demonstrated a decrease in endogenous expression of
�Np63�. Middle: Western blot for p53 demonstrated a corresponding
decrease in p53 after TSA treatment. Bottom: actin was used as a
loading control in all experiments. Experiments were performed three
or four times. (B, C) Quantitative analysis of changes in protein ex-
pression. (B) Endogenous �Np63� was significantly decreased after
incubation in TSA (n � 4; *P � 0.029, t-test). (C) Similar to �Np63�,
a significant reduction in p53 was seen after treatment with TSA (n �
3; *P � 0.002, t-test).
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Loss of Endogenous �Np63�

We have previously shown that incubation of hTCEpi cells in
TSA induces apoptotic-mediated cell death as measured by
annexin V and TUNEL assays.34 In this study, we demonstrated
that treatment with TSA is associated with apoptosis through
the activation of caspase. Significantly, treatment with TSA was
also associated with a concurrent downregulation of endoge-
nous �Np63�. Given the widespread effect of TSA on histone
acetylation and genomic methylation, the signaling pathway
responsible for inducing caspase-mediated apoptotic cell death
may occur independently of the loss of �Np63�; however,
compared with our previously reported in vivo results confirm-
ing the loss of �Np63� in the superficial cell layer of the
corneal epithelium,7 these findings suggest that the loss or
degradation of �Np63� may play a vital role in regulating the
susceptibility of the cell to an apoptotic stimulus or that it
occurs as part of the apoptotic process.

Of interest in this study, the reported TSA-associated de-
crease in �Np63� also corresponded to a reduction in p53
expression levels. This interaction was confirmed to be a direct
effect of the loss of �Np63� and not an artifact of TSA treat-
ment because siRNA knockdown of endogenous �Np63� sig-

nificantly correlated with a loss of p53. Although p53 has been
previously reported to localize within the corneal epithelium,
at present there are no studies characterizing the functional
significance of this protein under normal homeostatic condi-
tions.35 Taken together, these findings indicate that a direct
interaction exists between �Np63� and p53 in corneal epithe-
lial cells and that this loss occurs during apoptotic-driven cell
death. Further studies are necessary to explore the significance
of this finding.

Trichostatin A and Ectopically Expressed �Np63�

An unexpected result in this study was the upregulation of
transiently expressed �Np63 isoforms after treatment with
TSA. This increased level of ectopic gene expression was likely
a result of interactions between TSA and the cytomegalovirus
(CMV) immediate early promoter used by our expression plas-
mid. The ability of TSA to drive the CMV promoter when
transfected into mammalian cell lines has been previously
reported.36 Further, it is well established that gene expression
is regulated in part by alterations in histone acetylation; how-
ever, the exact mechanism by which TSA drives the CMV
promoter remains unknown and was beyond the scope of this

FIGURE 6. The effect of TSA on
�Np63-EGFP plasmid expression.
(A) Western blot for �Np63 after
transfection of �Np63 isoforms.
Cells were incubated in 3.31 �M
TSA. �, with TSA; �, without TSA;
EGFP, empty vector; �, �Np63�-EGFP;
�, �Np63�-EGFP; �, �Np63�-EGFP.
Right: �Np63� denotes endogenous
protein expression. Expression of
chimeric-EGFP expression plasmids
shown. Left: molecular weight mark-
ers. Actin was used as a loading con-
trol for the identical samples above.
All experiments were performed
four times. (B–H) Quantitative analy-
sis of changes in protein expression
after incubation in TSA. (B–D) �Np63-
EGFP expression plasmids showed
higher levels of expression after
treatment with TSA. Given that cells
were transfected before the addition
of TSA, this effect could not have
been caused by an alteration in trans-
fection efficiency from TSA (n � 4;
*P � 0.029, t-test). Because of the
potential for variation in transfection
efficiency among plasmids, compari-
sons were limited to individual plas-
mids with and without treatment.
(E, F) There was a significant in-
crease in the smaller isoform after
transfection with �Np63�-EGFP and
�Np63�-EGFP when treated with
TSA (n � 4; *P � 0.029, t-test).
(G, H) Evaluation of the ratio of
cleaved protein (smaller isoform) to
expressed protein demonstrated that
TSA selectively increased the cleav-
age of �Np63�-EGFP compared with
�Np63�-EGFP. (G) n � 4, �Np63�-
EGFP; *P � 0.029. (H) �Np63�-
EGFP; P � 0.343, t-test.
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study. Of more significance is the apparent increase in cleavage
of ectopically expressed �Np63� and �Np63� after incubation
in TSA. Although cleavage of the � variant of �N and TA
isoforms has been previously reported, in those studies cleav-
age was mediated through a caspase cleavage site within the
terminal inhibitory domain.22 Importantly, this domain, though
present within the C terminus of �Np63�, was not present
within the C terminus of �Np63�, suggesting the possibility of
a second proteolytic cleavage site encoded by both isoforms.
Collectively, these results underscore two important findings
in this work. First, cleavage was limited to �Np63� and
�Np63�, producing a smaller isoform equivalent to the un-
cleaved �Np63�, indicating that a proteolytic cleavage site
resided within the C terminus of the � and � isoforms that was
not present in the � isoform. Second, specific-TSA–associated
cleavage that occurred during caspase-mediated apoptosis ap-
peared restricted to �Np63�, and the apparent increase in
cleavage of �Np63� was an indirect result of the increased
levels of plasmid expression.

Overall, our collective in vitro and previous in vivo findings
suggest that �Np63� is the dominant interacting isoform in
corneal epithelial cells and is lost through a yet unidentified
proteolytic cleavage mechanism within the C terminus during
apoptotic-directed cell death in the corneal epithelium. Fur-
ther, a novel direct relationship has been identified between
�Np63� and the classic tumor suppressor p53, opening a new
avenue for investigation in elucidating the roles of �Np63� in
regulating proliferative and apoptotic mechanisms within the
corneal epithelium.

FIGURE 8. siRNA targeting �Np63� in the absence of TSA. Top: West-
ern blot for �Np63� confirming knockdown of protein expression
(si�, siRNA; si�, control). Middle: Western blot for p53. Loss of
endogenous �Np63� after siRNA appeared to correspond to a de-
crease in p53. Bottom: actin was used as a loading control. The
experiment was repeated five times. (B) Quantitative analysis of
changes in protein expression showed a significant reduction in en-
dogenous �Np63� and p53 after knockdown compared with controls
(n � 5; *P � 0.001, two-way ANOVA; SNK multiple comparison test).
There was no significant difference between �Np63� and p53 (P �
0.863). (C) There was a significant correlation between the expression
of p53 and that of �Np63� (n � 5; R2 � 0.906; P � 0.034, Pearson
product moment correlation).

FIGURE 7. Cleavage of �Np63-EGFP isoforms. (A) Western blot for
EGFP confirmed that the lower molecular weight bands present after
forced expression of �Np63� and �Np63� were shortened fragments
of the longer �Np63-EGFP isoforms (E, EGFP; �, �Np63�-EGFP; �,
�Np63�-EGFP; �, �Np63-EGFP�). (B) Linear vector maps for each
�Np63-EGFP construct. �Np63�, �Np63�, and �Np63� cDNA were
directionally cloned into the EGFP-C1 expression plasmid using BglII
and PstI restriction sites. (C) Protein map for each �Np63-EGFP fusion
protein. Based on the Western blot in (A), a potential cleavage site
must exist near the C terminus of both �Np63� and �Np63�, resulting
in an isoform similar in size to �Np63�.
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FIGURE 9. siRNA knockdown of �Np63 in HTK cells. (A) Western
blot for �Np63 (top band) and p53 (middle band) in hTCEpi cells and
HTK cells. Western blot confirmed the absence of �Np63 in HTK cells;
p53 expression was seen in both cell lines. (B) siRNA knockdown of
�Np63 in the HTK cell line failed to decrease p53 levels (�si, siRNA;
�si, control). Actin was used as a loading control. The experiment was
repeated three times.
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